Aims/hypothesis Inappropriate insulin secretion and biosynthesis are hallmarks of beta cell dysfunction and contribute to the progression from a prediabetic state to overt diabetes mellitus. During the prediabetic state, beta cells are exposed to elevated levels of proinflammatory cytokines. In the present study the effect of these cytokines and mitogen-activated protein kinase kinase kinase 1 (MEKK1), which is known to be activated by these cytokines, on human insulin gene (INS) transcription was investigated. Methods Biochemical methods and reporter gene assays were used in a beta cell line and in primary pancreatic islets from transgenic mice. Results IL-1β and MEKK1 specifically inhibited basal and membrane depolarisation and cAMP-induced INS transcription in the beta cell line. Also, in primary islets of reporter gene mice, IL-1β reduced glucose-stimulated INS transcription. A 5′-and 3′-deletion and internal mutation analysis revealed the rat insulin promoter element 3b (RIPE3b) to be a decisive MEKK1-responsive element of the INS. RIPE3b conferred strong transcriptional activity to a heterologous promoter, and this activity was markedly inhibited by MEKK1 and IL-1β. RIPE3b is also known to recruit the transcription factor MafA. We found here that MafA transcription activity is markedly inhibited by MEKK1 and IL-1β. Conclusions/interpretation These data suggest that IL-1β through MEKK1 inhibits INS transcription and does so, at least in part, by decreasing MafA transcriptional activity at the RIPE3b control element. Since inappropriate insulin biosynthesis contributes to beta cell dysfunction, inhibition of MEKK1 might decelerate or prevent progression from a prediabetic state to diabetes mellitus.
the INS. RIPE3b conferred strong transcriptional activity to a heterologous promoter, and this activity was markedly inhibited by MEKK1 and IL-1β. RIPE3b is also known to recruit the transcription factor MafA. We found here that MafA transcription activity is markedly inhibited by MEKK1 and IL-1β. Conclusions/interpretation These data suggest that IL-1β through MEKK1 inhibits INS transcription and does so, at least in part, by decreasing MafA transcriptional activity at the RIPE3b control element. Since inappropriate insulin biosynthesis contributes to beta cell dysfunction, inhibition of MEKK1 might decelerate or prevent progression from a prediabetic state to diabetes mellitus. pancreatic and duodenal homeobox factor 1 RIPE3b rat insulin promoter element 3b RSV rous sarcoma virus
Keywords

Introduction
The decompensation of pancreatic islet beta cells with loss of beta cell function and finally beta cell mass marks the progression from a prediabetic state, characterised by insulin resistance with impaired glucose tolerance, to clinically overt type 2 diabetes mellitus. Besides insulin secretion, insulin gene transcription is a beta cell-specific function, and inappropriate insulin biosynthesis might contribute to the pathogenesis of diabetes mellitus [1] [2] [3] [4] . Among several transcription factors binding to the promoter of the insulin gene, the pancreatic and duodenal homeobox factor 1 (PDX1), the basic helix-loop-helix protein BETA2 (also known as neurogenic differentiation factor 1 or NEUROD) and the basic region/leucine zipper proteins MafA and cyclic AMP response element (CRE) binding protein (CREB) have been shown to be important for the maintenance of insulin biosynthesis as well as beta cell mass [5] [6] [7] [8] [9] [10] [11] [12] . Human insulin gene (INS) transcription is activated by PDX1 binding to several sites within this promoter [10, 13] . Mice homozygous for a targeted disruption of Pdx1 fail to develop a pancreas, and inactivation of Pdx1 specifically in beta cells of mice decreased beta cell mass and insulin expression [5, 14] . The overexpression of Beta2 in the hamster insulinoma cell line In1024 enhanced human insulin gene transcription [10] , whereas mice deficient in BETA2 showed a reduction of insulin-producing beta cells and failed to develop mature islets [15] . MafA was identified as a glucose-regulated transcription factor binding to the rat insulin promoter element 3b (RIPE3b) within the insulin gene promoter [16, 17] , containing the C1 and A2 elements [18] . This transcription factor appears to be responsible for the betacell-specific expression of insulin [19] . Furthermore, in MafA-deficient mice, severely impaired glucose-stimulated insulin secretion with a reduction of insulin transcripts and an abnormal islet architecture was observed [12] . In contrast to PDX1, BETA2 and MafA, CREB is an ubiquitously expressed transcription factor. Its recognition site, the CRE, is present in many genes [20] . However, the loss of CREB function in beta cells results in apoptosis [7] . In addition, CREB participates in the maintenance of beta cell function by binding to its binding sites within the rat Ins1 and human INS genes, and by mediating insulin gene transcription induced by cAMP, membrane depolarisation and glucose [8, 9, 21, 22] . Incubation of the beta cell line MIN6 with a combination of the proinflammatory cytokines TNFα, IFNγ and IL-1β was shown to inhibit the transcriptional activity of CREB in a time-and dosedependent manner [23] .
Proinflammatory cytokines have been implicated in the pathogenesis of diabetes mellitus, both type 1 and type 2 [24] . In type 1 diabetes, due to an (auto)immune reaction, mononuclear cells infiltrate the islets of Langerhans and secrete TNFα, IFNγ and IL-1β, resulting in insulitis with beta cell toxicity and, ultimately, beta cell death [24] . In the insulin-resistant state and in obesity, both major risk factors for the development of type 2 diabetes, elevated levels of TNFα and IL-6 secreted from adipocytes are observed [2, 24] . In addition, the proinflammatory cytokine IL-1β was shown to be produced and secreted from beta cells during hyperglycaemic periods [24, 25] .
Based on these findings, the aim of the present study was to investigate the effect of proinflammatory cytokines on human insulin gene transcription as a hallmark of beta cell function in a beta cell line and in primary mature islets of transgenic mice.
Materials and methods
Plasmid construction
The plasmids −336 hInsLuc, 4xhIns-CRE2, Rous sarcoma virus (RSV)Luc [9] , −711 c-fosLuc [26] and the expression vectors for MafA and MafAmt [27] have been described previously. The expression vector for catalytically active mitogen-activated protein kinase (MAPK) kinase kinase 1 (MEKK1) was purchased from Invitrogen (Karlsruhe, Germany). The plasmids encoding the 5′-and 3′-truncated human INS promoters were generated by PCR using oligonucleotides 1-6 as 5′ primers, and 5′-CGCGTCGACGAGCTGGGGCCTGGGGTCCA-3′ as the 3′ primer for the 5′ deletion constructs. The PCR fragments were cloned into the BamHI and SalI sites of pXP2 [28] . For the 3′ deletion constructs, 5′-GCGG GATCCGCCTCCAGCTCTCCTGGTCTA-3′ was used as the 5′ primer, and oligonucleotides 7-13 were used as 3′ primers. The PCR fragment generated by using the 3′ primer 7 was cloned into the BamHI and SalI sites of pXP2, and the PCR fragments for the other 3′ deleted INS promoter constructs were cloned into the BamHI/SalI sites of pT81 [28] . For the constructs 4xhInsC1 and 4xhInsA1, oligonucleotides 14 and 15, respectively, with 5′-GATC overhangs, were tetramerised and subcloned in the forward orientation into the BamHI site of pT81Luc [28] . For the internal mutation of the CRE2 element within the INS promoter, two PCR fragments were generated using oligonucleotides 16 and 17 as 5′ primers, and oligonucleotides 18 and 19 as 3′ primers, thereby changing the CRE2 element into a KpnI site. For the internal mutation of the RIPE3b element, two PCR fragments were amplified using oligonucleotides 20 and 21 as 5′ primers, and oligonucleotides 22 and 23 as 3′ primers, thereby mutating the core RIPE3b element into a SmaI site. For the internal mutation of the A1 element, two PCR fragments were generated using oligonucleotides 24 and 25 as 5′ primers, and oligonucleotides 26 and 27 as 3′ primers, changing the core A1 element into a HindIII site. The respective PCR fragments were cloned into the BamHI/SalI sites of pXP2 [28] . The sequences of the oligonucleotides used are given in Electronic supplementary material (ESM) Table 1 (mutated bases underlined). All constructs were verified by sequencing using the enzymatic method.
Cell culture and DNA transfection HIT-T15 cells [29] were grown in RPMI 1640 medium supplemented with 10% FCS, 5% horse serum, penicillin (100 U/ml) and streptomycin (100 μg/ml). JEG-3 choriocarcinoma cells [30] were grown in DMEM supplemented with 10% FCS, penicillin (100 U/ml) and streptomycin (100 μg/ml). HIT cells were transfected by the diethylaminoethyl (DEAE)-dextran method [31] with 2 μg of the luciferase reporter gene and the expression vector as indicated. JEG-3 cells were transfected by calcium phosphate precipitation with 2 μg of the luciferase reporter gene and 2 μg of the expression plasmids. Co-transfections were carried out with a constant amount of DNA, which was maintained by addition of Bluescript (Stratagene, La Jolla, CA, USA). To check for transfection efficiency, 1 μg cytomegalovirus-green fluorescent protein (plasmid CMV-GFPtpz) per 6 cm dish was cotransfected. Cell extracts were prepared 48 h after transfection. Cells were stimulated by membrane depolarisation with KCl (40 mmol/l) and the adenylate cyclase activator forskolin (10 μmol/l) for 6 hours prior to collection. Cytokines (TNFα 10 ng/ml; IFNγ 10 ng/ml; IL-1β 2 ng/ml) were added 18 h prior to collection. The activities of luciferase and green fluorescent protein were determined as described previously [31, 32] .
Generation and analysis of transgenic mice The generation and analysis of transgenic mice carrying the luciferase reporter gene under the control of the INS promoter from −336 to +112 has been described before [8] . All animal studies were conducted according to the National Institutes of Health's guidelines for care and use of experimental animals and were approved by the Committee on Animal Care and Use of the local institution and state.
Isolation and culture of islets Pancreatic islets were isolated as described previously [8, 33] . Isolated islets were preincubated in a humidified atmosphere of 95% air/5% CO 2 for 1 h in RPMI 1640 medium containing 5 mmol/l glucose supplemented with 10% fetal calf serum, 100 U/ml penicillin and 100 μg/ml streptomycin. Glucose (15 mmol/l) and IL-1β (10 ng/ml) were added 24 h and 23 h prior to collection. Islets were collected, washed once with PBS and resuspended in potassium phosphate buffer, pH 7.8, followed by three freeze-thaw cycles. Luciferase activity [30] and protein (Protein Assay; Bio-Rad Laboratories, Munich, Germany) content were determined in the supernatant.
Western blot analysis JEG-3 cells were transfected with 3 μg of the expression vectors for MafA or its mutant per 6 cm dish by the metafectene method according to the manufacturer's protocol. 48 h after transfection cells were collected into 150 μl hot 2× Laemmli gel loading buffer (Tris-HCl 62.5 mmol/l, pH 6.8, SDS 2% (wt/vol.), glycerol 10% (vol./vol.), β-mercaptoethanol 5% (vol./vol.), bromophenol blue 0.5% (wt/vol.) and scraped from the dish. The cell suspension was passed five times through a 26 gauge needle, centrifuged, boiled, subjected to SDS-PAGE (8% gel) and transferred to a nitrocellulose membrane. The membrane was incubated in 7.5% fat-free dried milk in TBST (Tris-HCl 25 mmol/l, pH 7.4; NaCl 137 mmol/l; KCl 5 mmol/l; CaCl 2 0.7 mmol/l; MgCl 2 0.1 mmol/l; Tween 20, 0.1%) for 2 h at room temperature and then overnight at 4°C with fresh TBST supplemented with an antibody against MafA (1:2,000; Bethyl Laboratories, Montgomery, TX, USA). Before and after the incubation with the secondary antibody the membrane was washed four times for 10 min, each time with TBST. The antibodyantigen complex was detected by electrochemiluminescence reagents (GE Healthcare, Little Chalfont, Bucks, UK).
Materials Cytokines were purchased from Strathmann Biotec (Hamburg, Germany), luciferin was obtained from Promega (Mannheim, Germany), forskolin from Sigma (Taufkirchen, Germany). Forskolin was dissolved in DMSO. Controls received the solvent only.
Statistical analysis All results are expressed as means± SEM. Statistical significance was calculated with ANOVA, followed by Student's t test. A value of p<0.05 was considered significant.
Results
Effect of IL-1β, TNFα and IFNγ on human insulin gene transcription Treatment with the adenylate cyclase activator forskolin plus high potassium-induced membrane depolarisation enhanced insulin gene transcription 2.5-fold (Fig. 1) . Addition of IFNγ or TNFα or a combination thereof had no effect on basal or stimulated insulin gene transcription (Fig. 1) . In contrast, IL-1β decreased basal and stimulated insulin gene transcription by 80% and 74%, respectively. The treatment of HIT cells with a combination containing IL-1β resulted in a similar decrease of insulin gene transcription as with IL-1β alone. To investigate the effect of IL-1β in primary beta cells and on glucose-stimulated human insulin gene transcription, the islets of adult mice carrying a luciferase reporter transgene under the control of the INS promoter were used (Fig. 2a) . Human insulindriven reporter gene transcription within the islets of these transgenic mice has been shown to be stimulated by glucose in physiological concentrations [8] . The treatment of the isolated islets with IL-1β for 23 h inhibited glucoseinduced human insulin gene transcription by 47% (Fig. 2b) . Thus, of the proinflammatory cytokines tested, only IL-1β decreased basal and stimulated human insulin gene transcription in HIT cells. In addition, IL-1β decreased glucosestimulated human insulin gene transcription in primary islets. IL-1β inhibited human INS transcription, whereas it somewhat enhanced c-fos (also known as FOS) gene transcription and had no effect on RSV promoter activity in HIT cells (Fig. 3) , indicating that the effect of IL-1β on human insulin gene transcription was specific.
Cytokines like IL-1β have been reported to increase the concentration of reactive oxygen species within the beta cell [34] . In vitro, reactive oxygen species were shown to inhibit the activity of the calcium/calmodulin-dependent serine/threonine phosphatase calcineurin [35] , while recent data demonstrate the pivotal role of calcineurin for beta cell proliferation and human insulin gene transcription [8, 9, 36] . However, IL-1β did not change calcineurin phosphatase activity in HIT cells (data not shown).
Inhibition of human insulin gene transcription by MEKK1
IL-1β has been shown to enhance the activity of the mitogen-activated protein kinase kinase kinase [37] [38] [39] . The effect of IL-1β on the transcriptional activity of the INS promoter, the c-fos gene promoter and the RSV promoter was thus compared with the effect of MEKK1 on the activity of these promoters. Like IL-1β, overexpression of the catalytic domain of MEKK1 decreased INS transcription, increased the transcriptional activity of the c-fos promoter and had only a slight effect on the promoter of the RSV (Figs. 3 and 4a ). As shown in Fig. 4b , increasing amounts of the expression vector for MEKK1 resulted in a growing inhibition of basal insulin gene transcription and insulin gene transcription induced by forskolin plus membrane depolarisation. These data suggest that MEKK1 mimics the effect of IL-1β. Fig. 1 Effect of the proinflammatory cytokines IFNγ, IL-1β and TNFα on basal and stimulated human INS transcription in a beta cell line. The plasmid −336 hInsLuc (2 μg) was transiently transfected into HIT cells. Cells were treated as indicated with IFNγ (10 ng/ml), IL-1β (2 ng/ml) and TNFα (10 ng/ml) for 18 h and with the adenylate cyclase activator forskolin (10 μmol/l) plus KCl (40 mmol/l; white bars) for 6 h prior to collection. Luciferase activity is expressed relative to the mean value of the control in each experiment (no treatment). Values are means±SEM of three independent experiments, each performed in duplicate. *p<0.05 vs the respective control in the absence of cytokine treatment Fig. 2 Effect of IL-1β on glucose-induced INS transcription in primary islets of transgenic mice. a Scheme of the microinjected DNA fragment containing the human INS gene promoter from −336 to +114 bp fused to the firefly luciferase gene. The known sequence elements are depicted according to Ohneda et al. [6] and Inagaki et al. [50] . b Islets of transgenic mice were isolated and treated with glucose (15 mmol/l) for 24 h with and without IL-1β (10 ng/ml) for 23 h prior to collection. Luciferase activity is expressed relative to the value in the control treated with glucose only. Values are means±SEM of five independent experiments. *p<0.05 vs control Effect of inhibitors of mitogen-activated kinases downstream of MEKK1 In various tissues, MEKK1 has been shown to phosphorylate and activate the dual-specificity kinases mitogen-activated extracellular-regulated kinase 1 (MEK1), mitogen-activated kinase kinase 4/7 (MKK4/7) and MKK3/6 [40] , leading to the activation of the MAPKs extracellular signal-regulated kinase (ERK)1/2, c-Jun-Nterminal kinase (JNK) and stress-activated protein kinase/ p38 (SAPK/p38), respectively [40] . To investigate whether one of these downstream kinases mediates the inhibitory effect of MEKK1 on insulin gene transcription, SP600125, SB203580 and U0126 were used as pharmacological inhibitors of JNK, SAPK/p38 and ERK activity, respectively [40] . The transcriptional activity of the human insulin gene itself was slightly decreased by U0126 and the combination of these inhibitors; however, no decrease of the transcriptional activity of the cytomegalovirus promoter directing GFP expression was observed (data not shown). None of these inhibitors or their combination relieved the inhibitory effect of MEKK1 (ESM Fig. 1a) , although they effectively decreased phosphorylation of JNK, SAPK/p38 or ERK, respectively (ESM Fig. 1b-g ). This suggests that MEKK1 directly impacts on activation of an insulin gene transcription factor(s).
Identification of MEKK1/IL-1β response elements within the INS promoter The INS promoter contains several enhancer-like elements among them the CRE bound by CREB, the A1, A3 and A5 elements bound by PDX1, the E1 element bound by BETA2/NEUROD, and the C1 element bound by MafA [6, 9, 16, 18, 19] . To identify a region within the INS promoter that confers MEKK1 responsiveness, a 5′-and 3′-deletion analysis was undertaken. As shown in Fig. 5a , MEKK1 decreased human INS transcription (−336 hInsLuc) by 70%. 5′-deletions up to −193 bp neither decreased the transcriptional activity of the promoter fragments nor attenuated the inhibitory effect of MEKK1 (Fig. 5a ). Truncation to −140 bp diminished the transcriptional activity of the INS promoter fragment by 85%. However, MEKK1 still inhibited insulin gene transcription, although the inhibitory effect of MEKK1 was reduced (inhibition by 50%) (Fig. 5a ). Deletion to −93 bp resulted in a further reduction of INS promoter activity and a complete loss of MEKK1 responsiveness (Fig. 5a) . Additionally, 3′-deleted fragments of the INS promoter were fused to the minimal thymidine kinase promoter (−81 to +52) of the herpes simplex virus (Fig. 5b) . Truncation up to −57 bp did not impair basal activity or the inhibition by MEKK1 of these INS fragments (Fig. 5b) . Deletion from −57 bp to −94 resulted in a dramatic decrease of basal transcriptional activity. However, MEKK1 still inhibited gene transcription (Fig. 5b) , although the response to MEKK1 was somewhat diminished. Further 3′-deleted INS promoter fragments exhibited a further reduced transcriptional activity, albeit still higher than that conferred by the minimal herpes simplex virus thymidine kinase promoter alone (Fig. 5b) . In addition, the transcriptional activities of these 3′-deletion INS fragments were no longer inhibited by MEKK1 (Fig. 5b) . These data suggest that the C1 element and, to some degree, also the CRE2 and A1 elements confer the inhibitory effect of MEKK1 upon the insulin gene promoter.
Mutation of the CRE2, the RIPE3b and the A1 element lowered the transcriptional activity of the INS promoter to 40±12%, 18±1% and 37±4%, respectively, when compared with wild-type (100±2%) (ESM Fig. 2) . Whereas MEKK1 decreased the activity of the wild-type, the CRE2-mutated and the A1-mutated INS promoters to 18, 31 and 11% of their non-inhibited values, respectively, the transcriptional activity of the RIPE3b-mutated promoter was decreased to a lesser extent (to 46% of original activity) (ESM Fig. 2 ). The effect of MEKK1 on the isolated promoter elements was investigated using luciferase reporter genes under the control of the minimal thymidine kinase promoter fused to four copies of CRE2, RIPE3b and A1, respectively. Compared with the minimal thymidine kinase promoter (100 ± 1.3%; n = 6), the basal transcriptional activities after fusion to CRE2, C1 and A1 were 194± 16%, 18,190±4349% and 89±3.2%, respectively. Membrane depolarisation plus forskolin enhanced CRE2-directed transcription, confirming previous data [9] (Fig. 6a) . Stimulated CRE2-directed transcription was completely abolished by MEKK1 (Fig. 6a) . In addition, MEKK1 markedly diminished the basal transcriptional activity conferred by C1, but enhanced basal CRE2-and A1-directed transcription (Fig. 6a-c) . Like MEKK1, IL-1β decreased C1 transcriptional activity (Fig. 6d) .
Effect of MEKK1 and IL-1β on the RIPE3b-binding transcriptional activator MafA The insulin C1 element within RIPE3b [18] has been shown to recruit the Fig. 5 Effect of MEKK1 on 5′-or 3′-deleted INS promoter fragments. a 5′-deletion analysis. The plasmids (2 μg) depicted on the left were transiently cotransfected with Bluescript (2 μg; minus signs, x-axis) or the expression vector for the catalytically active domain of MEKK1 (2 μg; plus signs, x-axis). Luciferase activity is expressed relative to mean value measured in the −336 control (no MEKK1) in each experiment. Values are means±SEM of three independent experiments, each performed in duplicate. *p<0.05 vs the control in the absence of MEKK1. b 3′-deletion analysis. The plasmids (2 μg) depicted on the left were cotransfected with Bluescript (2 μg; minus signs, x-axis) or the expression vector for the catalytically active domain of MEKK1 (2 μg; plus signs, x-axis). Luciferase activity is expressed relative to the mean value measured in the −336 control (no MEKK1) in each experiment. Values are means±SEM of three independent experiments, each performed in duplicate. *p<0.05 vs the control in the absence of MEKK1 transcription factor MafA to the insulin promoter, which is produced in pancreatic islet beta cells and all beta cell lines, including HIT cells [27] . To investigate the effect of MEKK1 and IL-1β on MafA transcriptional activity, the human insulin gene promoter construct was transfected into the human choriocarcinoma cell line JEG, together with expression vectors for MEKK1, MafA or MafA mutant carrying a dysfunctional mutation within the DNA binding domain [11] . MafA exhibited marked transcriptional activity whereas MafA-R265A only slightly enhanced transcription (Fig. 7a) . Western blot analysis demonstrated similar levels of production of wild-type and mutant MafA (inset Fig. 7a ). Co-transfection of the expression vector for MEKK1 nearly abolished MafA-dependent transcription (Fig. 7a) . Like MEKK1, IL-1β also decreased MafA transcriptional activity (Fig. 7b) . Taken together, these findings are consistent with the notion that IL-1β, through activation of MEKK1, inhibits MafA transcriptional activity and thus human insulin gene transcription.
Discussion
Besides insulin secretion, the appropriate transcription of the insulin gene is an essential function of beta cells. Progressive beta cell failure with inadequate insulin secretion and biosynthesis, as well as loss of beta cells is characteristic for the pathogenesis of type 1 and type 2 diabetes mellitus [1] [2] [3] [4] . Proinflammatory cytokines have been implicated in the development of both types [24, 41] . In obesity, a major risk factor for peripheral insulin resistance and diabetes mellitus type 2, elevated levels of proinflammatory cytokines are found, with TNFα and IL-6 secreted by the adipocytes [2] . IL-1β might be produced and secreted in human beta cells during hyperglycaemic periods [25] , although an elevation of IL-1β levels has not been demonstrated in the islets of type 2 diabetic patients or in the islets of hyperglycaemic Psammomys obesus, an animal model of type 2 diabetes [41, 42] . However, for the pathogenesis of type 1 diabetes, the involvement of IL-1β secreted by infiltrating mononuclear cells seems undisputed [41 and references therein]. The present study shows that IL-1β interferes with beta cell function by inhibiting insulin gene transcription. This inhibition was specific since neither the transcriptional activity of the c-fos gene promoter nor that of the RSV promoter was decreased by IL-1β. The combination of IL-1β with either TNFα or IFNγ did not add to IL-1β's inhibitory effect. In addition, this cytokine also inhibited INS transcription after stimulation by high potassium-induced membrane depolarisation plus forskolin in a beta cell line and by glucose in primary mature islets of transgenic luciferase reporter mice. Since the regulation of insulin gene transcription is highly conserved throughout the species [6] , these results might be easily transferable. Binding of IL-1β to its type 1 receptor (IL-1R1) leads to the recruitment of the IL-1 receptor accessory protein, which is followed by the recruitment of the IL-1R-associated kinase (IRAK) via the adaptor protein MyD88. IRAK then interacts with the TNF receptor-associated factor (TRAF)6 [24] and references therein], and oligomerisation of TRAF6 and TRAF2 results in the activation of MEKK1 [24, 37, 38] . Indeed, in mouse embryonic stem cells deficient in MEKK1, the requirement of this kinase for IL-1 action has been demonstrated [43] . MEKK1 belongs to the group of MAPKs. As a triple kinase, MEKK1 activates through phosphorylation of the dual specificity kinases MKK4, MKK7 and MEK1, which in turn phosphorylate and activate the MAPKs JNK and ERK, respectively [40] . Like IL-1β, MEKK1 inhibited basal and membrane depolarisation plus forskolin-induced insulin gene transcription, enhanced the transcriptional activity of the c-fos promoter with only a slight effect on the RSV promoter activity, decreased insulin C1-directed transcription and blocked MafA transcriptional activity. MEKK1 thus mimics the effect of IL-1β. These findings are consistent with the notion that IL-1β exerts its inhibitory effect on human insulin gene transcription through the activation of MEKK1. In the present study the MEKK1-induced inhibition of the human insulin gene was not relieved by inhibitors of MAPKs downstream of MEKK1. In U2OS cells the activated form of MEKK1 was detected within the nucleus and the transcriptional coactivator p300 was directly phosphorylated by MEKK1 [44] . In response to IL-1β signalling, MEKK1 was shown to phosphorylate the nuclear TAK binding protein 2 (also known as TAB2), resulting in its conformational change and binding to the nuclear receptor corepressor, thereby leading to a disinhibition of androgen receptor activity [39] . Thus, MEKK1 might exert its effects on insulin gene transcription by acting directly on a transcription factor or accessory factor, without involvement of its downstream kinases.
A 5′-and 3′-deletion and internal mutation analysis, together with experiments using isolated promoter elements, revealed the C1 element to be a cis-acting element conferring the inhibitory effect of MEKK1 and IL-1β in the insulin gene. With the 5′-or 3′-deletion of RIPE3b, MEKK1 responsiveness of the human insulin gene was reduced profoundly. Furthermore, RIPE3b/C1 was sufficient to confer MEKK1 and IL-1β responsiveness. The C1 element has been shown to mediate glucose-responsive and beta-cell-specific insulin gene transcription, demonstrating its importance for beta cell function [17, 45] . In addition to C1, other control elements may also be involved, including CRE2 and A1. Hence, 5′-deletion of CRE2 and 3′-deletion of A1 attenuated the inhibitory effect of MEKK1 on human insulin gene transcription, although neither CRE2 nor A1 was sufficient to confer MEKK1 responsiveness to a heterologous promoter, suggesting that these elements are only MEKK1-responsive within the context of the INS promoter. Different transcription factors bind to these elements: CRE2 is bound by CREB [9] , the C1-binding protein was identified as MafA [16, 17] and PDX1 binds to the A1 element [10, 13] .
The finding of the present study that transcription directed by four copies of the isolated MafA-binding site C1 is inhibited by MEKK1 and by IL-1β suggests that MafA confers the cytokine's inhibitory effect upon the insulin gene. Indeed, in the non-beta cell line JEG, the stimulating effect of MafA on insulin gene transcription was nearly completely abolished by MEKK1 and IL-1β. Thus, MafA transcriptional activity is regulated by MEKK1 and by IL-1β. MafA belongs to the class of basic region/leucine zipper transcription factors and has been implicated in the development and differentiation of the lens [46] . Moreover, identification of MafA as the transcription factor binding to the C1 element within the rat Ins2 and the INS promoter [16, 17] fuelled studies on the role of MafA in beta cell function. During development, MafA was shown to be exclusively produced in insulinpositive cells and essential for insulin gene transcription [19] . In addition, MafA was shown to be a master regulator of genes implicated in maintaining beta cell function [47] . In mice lacking MafA, reduced insulin 1 and 2 gene transcription, glucose intolerance and development of diabetes mellitus was observed [12] . At least at the beta cell level the transcriptional activity of MafA seems to be regulated by either changes in MafA synthesis or by an enhanced degradation of this protein [11, 16, 26, 48, 49] . However, in the present study overproduction of MEKK1 did not decrease the amount of MafA produced in JEG cells (data not shown), arguing against a MEKK1-induced degradation of MafA. In addition to protein synthesis or degradation, the transcriptional activity of MafA is regulated by phosphorylation [46] . The present study suggests that IL-1β through activation of MEKK1 phosphorylates MafA or an associated protein, thereby resulting in a decrease of human insulin gene transcription. In addition, the transcription of other MafA-dependent genes maintaining beta cell function might be disturbed by IL-1β and MEKK1. Given (1) that beta cells are exposed to elevated levels of IL-1β; and (2) the importance of MafA for beta cell function, IL-1β, through activation of MEKK1, might contribute to the pathogenesis of diabetes mellitus. Thus, beta-cell-specific inhibition of MEKK1 might provide a useful approach for pharmacological intervention to decelerate or prevent the progression from a prediabetic state to overt diabetes mellitus.
